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This is Appendix I of the Science Advisory Hoard's 1983 Annual Report. It
includes two reports on the atmospheric pollution indicators issue - one
prepared by the Bcard's Atmospheric Pollution Indicators Task,Force and the ‘
other by a Contractor. The Contractor's report was prepared with funds ?
provided by the Board, under the direction of the Board's Atmospheric 1
Pollution Indicators Task Force. Any viewpoints contained therein should not i
ne‘essarily be construed as those of the Great Lakes Science Advisory Board or
th International Joint Commission. The Board's conclusions and
re ommendations on the Atmospheric Pollution Indicators issue are contained in
thl Board's l983 Annual Report to the Commission.
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Hi dsor, Ontario, Canada.
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 A. REPORT OF THE TASK FORCE
Over the past two decades, it has become increasingly apparent that the
atmospheric deposition of pollutants to lakes is biologicaly and geochemicalTy
significant.
The deposition of some airborne inorganic and organic pollutants
is a sizeable, if not major, input source to the Great Lakes.
Both the upper
Lakes Reference Group and the Pollution from Land Use Activities Reference
Group (PLUARG) recognized the significance of the atmosphere in the deposition
of metals, nutrients, DDT and P085, while recent studies revealed the
occurrences of many more compounds including TCDD, Toxaphene and PAHs.
The relative importance of atmospheric deposition of contaminants to the
Great Lakes
versus
municipal and
industrial
point discharges
is presented in
Table l for cadmium and benzo(a)anthracene (a PAH).
TABLE I.
PRELIMINARY ESTIMATES OF CADMIUM AND BENZO(a)ANTHRACENE
LOADINGS TO THE GREAT LAKES (METRIC TONNES PER YEAR)
SOURCES
ATMOSPHERIC MUNICIPAL INDUSTRIAL*
Lake
Cd
PAH
Cd
PAH
Cd
PAH
Superior
8.2
4.1
0.4
ND
8.1
0.7
Michigan
58.0
2.9
5.7
ND
870.0
112.0
Huron
60.0
3.0
5.7
ND
115.0
91.0
Erie
75.0
1.3
12.7
ND
725.0
144.0
Ontario
28.0
0.94
8.1
ND
725.0
31.0
* Incomplete Data
ND—Not Detected
Source:
Great Lakes Science Advisory Board 1980 Annual Report: (a) Appendix A
by Eisenrich, 5.3., 8.8. Looney and 3.0. Thornton, on "Assessment of Organic
Contaminants in the Great Lakes Ecosytem"; and (b) Appendix B by A11en, H.E.
and M.A. Halley, on “Assessment of Airborne Inorganic Contaminants in the
Great Lakes".
 As is discernible from the Table, the atmospheric deposition of cadmium
and benzo(a)anthracene is particularly pronounced relative to municipal and
industrial sources for the Upper Great Lakes, notably Lake Superior.
This is
indicative of most other pollutants including various nutrients (phosphorus
and nitrogen), metals (lead, mercury. and zinc) and trace organics (PCBs, and
DDT).
The combustion of fossil fuels constitutes the largest source of
airborne organic and inorganic substances.
The importance of the atmospheric pathway to Great Lakes water quality is
also denoted by the aerial extent of contamination by covering entire lake
surfaces, and the deposited contaminants are in a state more likely to harm
aquatic biota.
Unlike tributary or shoreline erosion where most contaminants
are sorbed into particulates, atmospheric contaminants can be in a more
soluble and therefore available state.
Sources of airborne pollutants to the Great Lakes include a mosaic of
local, regional and global long—range origins.
Emitted gas or particulates
can travel hundreds if not thousands of kilometers.
The relative abundances
of materials contributed to the Great Lakes, from a wide array of sources,
would be dependent upon a number of variables
including emission stack height,
meteorological conditions (e.g. prevailing direction and magnitude of winds),
the physical and chemical characteristics of the emitted particulate or
gaseous material, and quantities released.
The subsequent monitoring and identification of sources of atmospheric
pollutants deposited to the Great Lakes, poses a formidable and virtually
impossible task.
Atmospheric monitoring, as it presently stands, can give
only crude estimates of atmospheric loadings.
Land—based bulk and wet
deposition samplers are stationed on islands, along shorelines, or on
nearshore structures where the wind regime differs from open lakes and most
likely would not provide representative estimates of actual atmospheric
loadings to the open lakes.
There is a need to adopt some tool for deducing the relative proportions
of materials deposited into the Great Lakes from the various sources.
Such an
indicator(s) must be stable during transport away from the emission source.
l
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Emitted organic pollutants, for example. may undergo some degree of
photodegradation or chemical transformation while in the airborne stage.
Similarly. inorganic pollutants may be oxidized.
Stable isotopes which have
been used sparingly to better understand lake processes, for example. might
meet this criteria. Stable isotope variations have been used in the past as
tracers and to show that relationships can exist between in—lake contaminants
and different sources cf pollution.
Recognizing the possible utility of such a tool in determining the
relative proportion of raterials derived from atmospheric sources. the Great
Lakes Science Advisory soard in their 1982 Annual Report recommended that:
“more research effort be directed toward the identification
of conservative indicators of atmospheric inputs of toxic
materials into the Great Lakes“.
In 1983 the Science Advisory Board established a Task Force on Atmospheric
Pollution Indicators to report on the feasibility of using conservative
indicator substances as tracers of atmospheric pollution sources, and to
identify specific research needs.
The initial activity of the Task Force was to request feedback and advice
from a select group of geochemists on the feasibility of utilizing
conservative nubstances as tracers of atmospheric pollution. The respondents
generally indicated that while the use of indicator substances potentially
provides a feasible tool for indicating sources of atmospheric pollution, a
great deal of prior work would be needed because of large spatial and tenporal
variations and the m ltitude of possible pollution sources experienced by the
Great Lakes. A summtry of the responses received is provided below.
Dr. Ben Holt (Argonne National Laboratory) indicated that using
conservative substances for traring sources of atmospheric deposition to the
Great Lakes might be ‘easible, .lthough their studies haveshown that the
usefulness of oxygen sotope ratio measurements is precluded by rapid isotopic
exchange between $02 ind ambient water.
Professor Ian Kaplan (Department of Geochemistry, University of
California). while not discouraging the use of conservative indicators of
 pollution, suggested that a great deal of prior work would have to be
performed beforehand.
Large
seasonal
and
regional
variations
of
pollution
inputs to lakes need to be considered. while isotopic ratios, for example.
could overlap if derived from various sources.
Organic tracers. such as
polynuclear aromatic hydrocarbons or organic nitrogen compounds which are
unique to the atmosphere. may prove to be more useful indicators in the Great
Lakes. The insoluble residues extracted from suspended particles in the water
body could be microscopically and chemically analyzed to determine their
origins.
Both Drs. C.E. Rees and H.P. Schwarcz (Department of Geology. HcHaster
University) are currently engaged in studies investigating the use of stable
sulphur and oxygen isotopes (in acid precipitation) which would possibly allow
clearer discrimination of sources of atmospheric loadings. Based on work by
Krouse, Dr. Schwarcz further noted that the identification of pollution
sources based strictly on 345/325 isotope ratio would be impossible
because of species overlap in fossil fuels. Such ratios. however, would add
to the total skein of evidence necessary to locate a source of pollution.
Drs. Schwarcz and Rees also indicated that difficulties would be
encountered in applying such studies to the Great Lakes due to the complexity
of the hydrochemical system, the multiple pollution inputs, and that the
pattern of loadings must be deduced over extensive geographical areas. Such
an endeavour would require a far greater degree of effort than previous
studies of a similar nature. This would include large—scale sampling over the
entire Great Lakes and over a sufficient period of time to permit pinpointing
seasonal and long-term fluxes. and respective variations in isotopic ratios.
The remaining two respondents. Professor H. Stuiver (Quaternary Isotope
Laboratory. University of Washington) and Dr. R. Hulston (Institute of Nuclear
Sciences. New Zealand Department of Scientific and Industrial Research). did
not have any specific suggestions regarding the feasibility of utilizing
conservative substances as pollution indicators to the Great Lakes because of
lack of experience in the subject area.
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Given
the
ambiguous
statements
provided
by
the
respondents
and
the
need
to
resolve
the
feasibility
issue,
a
better
understanding
of
the
issue
was
needed
before
any
merit
could
be
placed
in
the
application
of
such
tools
to
the
Great
Lakes.
Subsequently.
a
contract
was
awarded
to
a
specialized
geochemist
to
provide
a
scientific
overview
of
the
issue
by
reporting
on
the
state
of
the
science
to
assist
the
Task
Force
in
their
deliberations
on
the
feasibility
of
utilizing
such
conservative
indicators
for
deduting
atmospheric
sources
of
pollu ion to the Great Lakes.
Tie
remainder
of
the
report
presents
the
contractor's
overview
on
the
feasiJility of
using
stable
isotopes
as
tracers
of
the
sources
of
atmospheric
pollution
in the
Great
Lakes
Basin.
Any
viewpoints
contained
therein
should
not
be
construed
as
those
of
the Task
Force or of
the
Great
Lakes
Science
Advisory Board.
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Q. REPORT OF THE CONTRACTOR
THE FEASIBILITY OF USING STABLE ISOTOPES AS TRACERS OF THE
SOURCES OF ATMOSPHERIC POLLUTION IN THE GREAT LAKES BASIN: AN OVERVIEN
by
C. E. Rees, Ph.D.
Consulting Geochenist
184 Park Street West
Dundas, Ontario
1. INTRODUCTION
On 29 June 1983, the National Research Council of the U.S.A. issue« a
report on “Acid Deposition: Atmospheric Processes in Eastern North Amwrica“.
One conclusion was thatno method yet exists of estimating tie relativ|
contributions of particular sources to the pollttion level found at particular
locations (Marshall, 1983).
Concentration measurements alone do not provide information on the
original source(s) of a measured parameter. But if it could be shown that a
meaSJred parameter is source specific, this parameter could potentially be
usec as a tracer methodology for deducing sources of pollution. Sulphur
dioxide, for example, :an be claracterized by a distinct isotopic signature.
This signature could, herefore, be a useful indicator of the sulphur SOUFCi.
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2. ISOTOPE AQQNDANCE VARIATIONS
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op
es
1H
an
d
2H
(o
ft
en
wr
it
te
n
as
D)
.
Th
ei
r
ma
ss
di
ff
er
en
ce
is
10
0:
an
d
th
e
ch
em
ic
al
di
ff
er
en
ce
s
be
tw
ee
n
th
e
tw
o
is
ot
op
es
an
d
af
fi
li
at
ed
co
mp
ou
nd
s
ar
e
ex
tr
em
e.
Fo
r
he
av
ie
r
el
em
en
ts
.
th
e
ma
ss
di
ff
er
en
ce
s
be
tw
ee
n
is
ot
op
es
ar
e
sm
al
le
r.
Th
e
ma
ss
di
ff
er
en
ce
fo
r
th
e
is
ot
op
e
pa
ir
16
0—
18
0
is
12
%
an
d
fo
r
32
5-
34
8
it
is
6%
.
th
er
ef
or
e
th
e
ph
ys
ic
al
an
d
ch
em
ic
al
di
ff
er
en
ce
s
be
tw
ee
n
th
e
is
ot
op
es
of
ox
yg
en
an
d
su
lp
hu
r,
ar
e
mu
ch
sm
al
le
r
th
an
th
e
is
ot
op
es
of
hy
dr
og
en
.
Re
ga
rd
le
ss
,
th
es
e
he
av
ie
r
el
em
en
ts
ar
e
re
ad
il
y
de
te
ct
ab
le
wi
th
mo
de
rn
hi
gh
pr
ec
is
io
n
sp
ec
tr
om
et
ri
c
techniques.
Pr
oc
es
se
s
wh
ic
h
pr
od
uc
e
ch
an
ge
s
in
is
ot
op
ic
co
mp
os
it
io
n.
or
is
ot
op
e
fr
ac
ti
on
at
io
n,
ca
n
be
su
bd
iv
id
ed
in
to
un
id
ir
ec
ti
on
al
an
d
eq
ui
li
br
iu
m
pr
oc
es
se
s.
In
an
un
di
re
ct
io
na
l
pr
oc
es
s,
su
ch
as
a
on
e
st
ep
ch
em
ic
al
re
ac
ti
on
or
ev
ap
or
at
io
n
fr
om
a
li
qu
id
,
is
ot
op
e
fr
ac
ti
on
at
io
n
oc
cu
rs
be
ca
us
e
li
gh
t
is
ot
op
ic
sp
ec
ie
s
re
ac
t
mo
re
ra
pi
dl
y
th
an
he
av
y
sp
ec
ie
s
of
th
e
sa
me
el
em
en
t
or
co
mp
ou
nd
.
Th
e
pr
ef
er
en
ti
al
re
ac
ti
on
of
a
li
gh
t
is
ot
op
ic
sp
ec
ie
s
ca
us
es
th
e
pr
od
uc
t
ma
te
ri
al
to
ha
ve
a
hi
gh
er
re
la
ti
ve
ab
un
da
nc
e
of
th
at
is
ot
op
e
th
an
th
e
or
ig
in
al
st
ar
ti
ng
ma
te
ri
al
.
Si
mi
li
ar
ly
,
th
e
re
si
du
al
un
re
ac
te
d
ma
te
ri
al
be
co
me
s
de
pl
et
ed
in
th
e
li
gh
t
is
ot
op
ic
sp
ec
ie
s
re
la
ti
ve
to
th
e
or
ig
in
al
st
ar
ti
ng
ma
te
ri
al
be
ca
us
e
of
th
e
pr
ef
er
en
ti
al
re
ac
ti
on
.
In
eq
ui
li
br
iu
m
pr
oc
es
se
s,
as
in
th
e
an
al
og
ou
s
ca
se
of
ch
em
ic
al
eq
ui
li
br
ia
.
th
e
li
gh
t
an
d
he
av
y
is
ot
op
es
of
an
el
em
en
t
ad
op
t
a
di
st
ri
bu
ti
on
wh
ic
h
mi
ni
mi
ze
s
th
e
fr
ee
en
er
gy
of
th
e
sy
st
em
be
tw
ee
n
th
e
co
mp
ou
nd
s
pr
es
en
t
in
th
e
eq
ui
li
br
at
in
g
sy
st
em
.
In
pr
ac
ti
ce
,
is
ot
op
ic
eq
ui
li
br
iu
m
is
es
ta
bl
is
he
d
if
re
ac
ti
on
pa
th
wa
ys
ar
e
pr
es
en
t
th
at
al
lo
w
th
e
ex
ch
an
ge
of
is
ot
op
es
be
tw
ee
n
th
e
va
ri
ou
s
co
mp
on
en
ts
of
th
e
sy
st
em
.
In
th
e
ma
jo
ri
ty
of
is
ot
op
ic
ex
ch
an
ge
re
ac
ti
on
s,
th
e
eq
ui
li
br
iu
m
co
nf
ig
ur
at
io
n
is
on
e
in
wh
ic
h
th
e
li
gh
t
is
ot
op
es
ar
e
en
ri
ch
ed
in
lo
w
ox
id
at
io
n
st
at
es
an
d
th
e
he
av
y
is
ot
op
es
ar
e
en
ri
ch
ed
in
hi
gh
ox
id
at
io
n
st
at
es
wi
th
in
th
e
el
em
en
t
in
qu
es
ti
on
.
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As
mentioned
earlier,
a
number
of
elements,
including
lead,
show
variations
in
theic
isotope
abundance
patterns
due
to
the
radioactive
decay
of
other
elements.
Hith
lead,
the
following
radioactive decay
sequences
are
involved:
238 a 206
u Pb + 8He + 68‘
235u + 2°7Pb + THe + 48-
232 » 20
Th 8Pb + 6He + 48'
Thus the isotopic composition of lead can be altered by the presence of
uranilm and thorium.
The isotopic composition of lead in a particular sanple
depends on the amount and isotopic composition of the lead originally pre;ent,
the amounts of uranium and thorium present and the time available for their
decay to lead.
lhis decay scheme forms the basis of the uranium/thorium dating methc
whereby the isotopic composition of lead can be used to estimate the time
elapsed since the emplacement of geological systems. The krown half-live of
the radioactive uranium and thorium, combined with the measurement of the e
concentrations and lead isotopic compositions, lead to an estimate of tim<
during which the decay process has occurred. It also serves as the basis by
which the isotopic conposition of lead can be used as a tracer of its origin.
Bibliography for Section 2
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 3. _QLPHUR ISOTOPE ABUNDANCE VARIATIONS IN NATURE
Although sulphur has four stable isotopes, the variations in sulphur
isotope abundances are invariably expressed in terms of the isotope abundance
'ratio 345/325. Furthermore, variations of this ratio are expressed in the
'del' notation:
(345/325)sample
a34s.°/N = — l x 1000
 
(345/325)standard
where I"‘/,,,," or “permil”, signifies parts per thousand and where the
accepted standard is sulphur from the troilite phase of the Canyon Diablo.
meteorite for which the 345/328 value is taken to be 0.0450045 (Thode and
Rees, 1970).
The total range of 6345 values encountered in nature is from about
-65°
/..
to +
95 °
/..
indi
cati
ng a
tota
l r
ange
of v
aria
tion
of 3
45/3
25
of
~l6
0°/
,,
(Fa
ure
, 1
977
).
The
ext
rem
e v
alu
es
in
thi
s r
ang
e a
re
enco
unte
red
very
rare
ly.
A mo
re r
easo
nabl
e ra
nge
for
prac
tica
l p
urpo
ses
is
prob
ably
from
-60°
/..
to +
60°/
°°
(Nie
lsen
, 19
79).
Figu
re l
show
s th
e
rang
es o
f 63
4$ v
alue
s
foun
din
vari
ous
type
s of
geol
ogic
al e
nvir
onme
nt.
As c
an b
e se
en,
mete
orit
ic s
ulph
ur l
ies
clos
e to
6345
= 0
as d
oes
the
sulp
hur
from
igne
ous
rock
s.
Volc
anic
sulp
hur
show
s a
wide
r ra
nge
of i
soto
pic
comp
osit
ions
, mo
re o
r le
ss s
ymme
tric
ally
arou
nd 6
345
= 0.
The
wide
st
vari
atio
ns a
re e
xhib
ited
by s
edim
enta
ry s
ulph
ides
whic
h te
nd t
o ha
ve n
egat
ive
634
5 v
alu
es.
Con
ver
sel
y,
sed
ime
nta
ry
sul
pha
tes
alm
ost
inv
ari
abl
y h
ave
posi
tive
6345
valu
es w
hile
the
sulp
hate
in m
oder
n se
awat
er i
s ve
ry u
nifo
rm
at +Zl°/...
The
isot
opic
comp
osit
ion
of s
ulph
ur i
n ri
vers
, l
akes
and
prec
ipit
atio
n is
vari
able
and
depe
nds
on a
numb
er o
f fa
ctor
s,
incl
udin
g an
thro
poge
nic
inpu
t (t
o
be discussed later).
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The
major
agent
responsible
for
variations
in
634$
values
is
the
biological
sulphur
cycle
(Harrison
and
Thode,
T958;
Kaplan
and
Rittenberg,
1964;
Kemp
and
Thode,
1968;
Rees,
1973).
The
reduction
by
anaerobic
bacteria
of
sulphate
dissolved
in water
is a
process which
can
lead
to the production
of hydrogen sulphide which is highly depleted
(by up to ~65°/,.)
in
634s relative to the starting sulphate.
This hydrogen
sulphidecan react
with
iron to form sedimentary sulphides.
The net isotope fractionation
manifested
in a sediment is dependent upon a number of environmental factors
including the availability of nutrients and whether the reduction environment
is open or closed with respect to sulphate.
The isotopic variability found in sedimentary sulphates is also indirectly
linked to the biological sulphur cycle.
The isotopic composition of ocean
water sulphate has not remained constant over geological time but has varied
in the manner shown in Fig. 2 (Thode and Monster, 1965; Rees, 1970).
The range of values found to occur in volcanic sulphur is due to a variety
of inorganic chemical reactions and equilibria which tend to enrich oxidised
forms of sulphur in 6345 and to correspondingly deplete reduced forms.
Inorganic reactions and equilibria are also important in hydrothermal fluids
and again lead to oxidised and reduced forms of sulphur which are respectively
enriched and depleted in 6345 (Ohmoto, 1972).
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 4. _ﬂLiHUR ISOTOPES IN THE ATMOSPHERE
The isotopic composition and the concentration of sulphur in the atmosphere
can be Iighly variable and highly source dependent. Nielsen (1973) has
summarized the major contributors to atmospheric sulphur and in addition has
given e timates of their isotopic cbmpositions.
Accirding to Nielsen, the major natural contributors to atmospheric sulphur
are as *ollows: I
a) Vol:anic exhalations. The present day addition of volcanic sulphur is
pr0)ably rather minor, although most sulphur on the surface of :he earth
oriiinated with the outgassing of the deep crust and mantle. A. mentioned
pre/iously, volcanic sulphur exhalations are probably centred a~ound
1
63 S = 0 with a total spread of about ~15°/...
D) My rogen sulphide from anoxic ocean waters. Transfer of such hydrogen
su phide to the atmosphere can take place only under special circumstances,
su(h as when deeper water masses are stirrzd by heavy storms. Under normal
corditions, releaSed hydrogen sulphide fr01 anoxic bottom waters will be
ox dized to sulphate by dissolved oxygen i the water column long before
reaching the ocean surface. The 5345 value of any hydrogen sulphide I
released in this manner will be highly negative, reflecting its iiological
origin.
c)
Hydr
ogen
sulp
hide
from
sea
mars
hes
and
inte
rtid
al
flat
s.‘
Due
to th
e fa
st
oxid
atio
n of
hydr
agen
sulp
hide
in t
he p
rese
nce
of o
xyge
n, t
his
i. p
roba
bly
a rather minor scirce of isotopically light sulphur.
d)
Sea
Spr
ay.
Sul
pha
te
is
tra
nsf
err
ed
fro
m t
he
oce
an
to
the
atm
osp
ere
by
wave action at thu ocean surface producing aerosols. This sulphlte has a
634
$ v
alu
e o
f +
21°
/..
, r
efl
ect
ing
its
oce
an
wat
er
sei
rce
.
It
can
be
transported by wind onto Continental regions.
e)
Bio
gen
ic
vol
ati
le
sul
phu
r c
omp
oun
ds
in
con
tin
ent
al
are
as.
Thi
s s
ulp
hur
is
der
ive
d f
rom
rain
wat
er,
rive
rs,
lake
s,
gro
und
wat
ers
, e
tc.,
and
as
suc
h
will
hav
e a
n i
sot
opi
c c
omp
csi
tio
n r
efl
ect
ing
tha
t o
f i
ts
sou
rce
.
  
l7
 d) Petroleum. Although the isotopic composition of sulphur in petroleun is
variable - see for example Thode and Rees (l973), the sulphur in
particular oil reservoirs and horizons tends to be rather homogenous
iS(topically. In general the 6345 of oils tends to be ~lS°/oo
light relative to the corresponding ocean water value prevalent when the
oil was being formed.
Thus the 5345 value of a particular atmospheric sample reflects the
averaging of many inputs. In particular cases, where one or two sources of
sulphur predominate. it may be possible to identify these scurces and assess
their relative contributions.
A series of studies originating from the Brookhaven Natiinal Laboratory.
Upton, New York, has demonstrated the usefulness of sulphur sotopes in
tracing the sulphur emitted from power plants and the oxidat on to sulphate of
sulphur dioxidepresent in emission plumes. Newman et al. (1975), Forrest and
Newman (1977a) and references therein give full details of these studies. A
further paper by Forrest and Newman (l977b) gives details of an isotopic study
of the Sudbury smelter plume.
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pl
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ns
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A
t
o
m
i
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E
n
e
r
g
y
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ne
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.
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,
P.
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,
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d
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R.
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ti
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e
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bi
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al
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th
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lf
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e
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e.
S
c
i
e
n
c
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t
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d
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ra
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o
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a
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e
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mo
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he
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c
ox
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io
n
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ur
di
ox
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e
in
th
e
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um
e
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oi
l
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d
po
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r
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an
t.
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sp
he
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vi
ro
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en
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d
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Tu
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Tw
o
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r
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e
st
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e
ra
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o
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d
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xa
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.
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et
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s
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,
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d
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A
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th
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g
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.
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c.
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l
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s
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v.
Re
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g
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t.
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.
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n
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pr
ec
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at
io
n
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d
se
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te
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:
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dr
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su
lf
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e
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p.
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4-
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ns
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d.
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og
eo
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y
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.
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tl
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d
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an
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r.
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.
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id
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io
n
ra
te
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su
lf
id
e
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a
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y
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ud
y.
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.
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s.
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:
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95
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99
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J
J
J
J
J
J
J
J
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I
I
I
I
I
I
I
I
I
I
I
I
5.
S
U
L
P
H
U
R
I
S
O
T
O
P
E
S
A
S
P
O
S
S
I
B
L
E
I
N
D
I
C
A
T
O
R
S
O
F
A
T
M
O
S
P
H
E
R
I
C
S
O
U
R
C
E
S
O
F
P
O
L
L
U
T
I
O
N
W
I
T
H
I
N
T
H
E
G
R
E
A
T
L
A
K
E
S
ﬁ
ﬂ
A
S
I
N
In
o
r
d
e
r
t
h
a
t
t
h
e
r
e
l
a
t
i
v
e
c
o
n
t
r
i
b
u
t
i
o
n
s
o
f
t
w
o
o
r
m
o
r
e
s
o
u
r
c
e
s
o
f
s
u
l
p
h
u
r
to
a
p
a
r
t
i
c
ul
a
r
r
e
s
e
r
vo
i
r
m
a
y
be
evaluated,
it
is
n
e
c
e
s
s
a
r
y
to
know:
i)
the
isotopic
compositions
of
the
individual
sources;
and
ii)
the
isotopic
c
o
m
p
o
s
i
t
i
o
n
of
the
r
e
s
e
r
vo
i
r
in
question.
From
a
practical
point
of
view,
it
is
further
necessary
that
the
sulphur
from
the
different
sources
be
isotopically
distinct.
The
eztent
to
which
this
practical
limitation
of
the
method
is
satisfied.
may
be
judied
from
the
data
presented
in
two
important
papers
from
the
Canada
Centre
for
Inland
Haters.
Nriagu's
(1975)
study
entitled
I'Sulphur
Isotope
Variations
in
Relation
to
Sulphur
Pollution
of
Lake
Erie“,
considers
the
sources
of
sulphur
in
Lake
Erie
and
the
mixing
patterns
of
the
various
masses
of
water
with
l
the
lake.
Data
on
the
isotopic
composition
of
the
various
forms
of
sulphur
in
the
lake
sediments
is
also
included.
’
The
most
important
points
to
be
gleaned
from
this
study
are
in
connection
with
the
magnitudes
of
the
various
inputs
to
and
outflows
from
the
lakes,
andv
their
respective
isotopic
compo;itions
together
with
the
conclusion
that
anthropogenic
sulphur
accounts
'or
between
60
and
701
of
the
total
sulphaze
in the lake.
Nr-agu
lists
the
various
inputs
and
outputs
for
the
lake
as
shown
in
Table
.
The
various
flow
figures
are
in
units
of
l01og
$04
per
year
while
;he
figures
for
the
Lake
Erie
waters
represent
the
total
sulphate
contents
in
units
of
10109
$04.
The
total
input
and
outflow
figure
of
~450
x
10109
$04
per
year,
together
with
the
total
lake
content
of
l053
x
10109
$04
indicate
a
flushing
time
for
the
system
of
a
little
over
two
years.
.
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TABLE 2
SUL
PHA
TE
AND
534
5 I
NPU
TS
AND
OUT
PUT
S T
0 L
AKE
ERI
E
So
ur
ce
/S
in
k
$0
4,
x1
0‘
Og
Me
an
63
4S
(°
/.
.)
53
45
ra
ng
e(
°/
,.
)
La
ke
Hu
ro
n
ou
tf
1o
w
26
7.
8
+
6.
4
4
to
7
Ru
no
ff
11
0.
1
+
4.
8
-2
to.
8
Pr
ec
ip
it
at
io
n
16
.3
+
6.
0
2
to
10
Sewage and other
 
in
du
st
ri
a1
di
sc
ha
rg
es
58
.7
+
2.
2
—-
To
ta
1
in
pu
t
45
2.
9
+
5.
4
-2
to
10
To
ta
l
ou
tf
lo
w
43
8.
8
+
5.
2
4
to
6
Lake Erie waters:
1
1
.
.
)
1
'
1
’
1
1
1
1
'
1
1
1
.
l
’
 
We
st
er
n
Ba
si
n
50
.2
+
6.
4
I
'
4
to
I
Ce
nt
ra
1
Ba
si
n
64
9.
3
+
5.
2
4
to
6
Ea
st
er
n
Ba
si
n
35
3.
1
+
5.
2
4
to
6
Or
ga
ni
c
Ma
tt
er
0.
42
6
sa
me
as
1a
ke
-—
To
ta
l
-—
4
to
7
22
 I
I
I
I
I
'
I
I
‘
I
I
I
I
I
I
The major source of sulphate in the lake is clearly the outflow from Lake
Huron.
Runoff from rivers accounts for somewhat less and in addition has a
mean 5345 value which is somewhat lower.
Precipitation is a rather minor
source of sulphur (~4% of the total) and has a mean 6345 value that is
rather similar to that of the outflow from Lake Huron.
Sewage and other industrial discharges are estimated to contribute
approximttely 13: of the total sulphur input to the lake. The isotopic
composition assigned to this input unfortunately is not measured, but has been
estimated from the 6345 values of the other inputs, their relative
magnitudes, and the isotopic composition of the lake water as a whole. This
particular input is the one that is most distinct isotopically, from the
others. at least at face value. It is important to note, however, that all of
the other inputs have ranges of 6345 values associated with them rather
than uniquely determintivalues. Thus the calculation of the 6345 value
of the industrial lNDU‘ at +2.21 has errors associated with it that are noi
easy to evaluate.
It is important to )ear in mind that the outflow from Lake Huron and th!
runoff from the variOU‘ contributing river sysiems each contain, albeit
indirectly, precipitat on sulphur as well as erosional sulphur. These inputs
to the lake contain su phur from various sources, and their isotopic
compositions represent the mixing of the various 6345 values of these
sources. - '
Nriagu and Coker (1)78) have investigated the isotopic composition of
sulphur in precipitatiOi within the Great Lakes Basin. Samples were taken at
23 stations within the Basin and classified as either urban, rural, or
remote. Sampling was continued over a period of l8 months So that seasonal
variations could be seei and evaluated.
It was found that tiere was a distinct seasonal variation in the isotopic
compositi)n of the sulpiur in the bulk precipitation samples The seasonal
pattern WIS essentially the same for urban, rural and remote stations in that
5345 values during the winter months were generally about 4°’.. higher
than those in the summer months.
 
  
 
Nriagu and Coker point out that the seasonal 634$ variations could be
due to corresponding variations in the contributions of the different sources
to the atmospheric sulphur burden and to changes in the mechanism of origin of
the
sulp
hur
in p
reci
pita
tion
.
Sulp
hur
conc
entr
atio
n va
lues
for
urba
n st
atio
ns
were
in g
ener
al
high
er t
han
at r
ural
and
remo
te s
tati
ons.
Ther
e wa
s no
t a
cle
ar
cut
sea
son
al
var
iat
ion
of
sul
phu
r c
onc
ent
rat
ion
for
any
of
the
dif
fer
ent
sta
tio
n t
ype
s.
The
aut
hor
s a
lso
pre
sen
t d
ata
on
the
sul
phu
r
dio
xid
e
con
cen
tra
tio
ns
in
air
at
sel
ect
ed
urb
an
sit
es
in
the
Gre
at
Lak
es
Bas
in.
The
sul
phu
r d
iox
ide
con
cen
tra
tio
ns.
unl
ike
the
sul
phu
r
con
cen
tra
tio
nsin
pre
cip
ita
tio
n,
do
sho
w a
sea
son
al
var
iat
ion
, w
ith
hig
her
val
ues
dur
ing
the
winter months.
The
aut
hor
s S
pec
ula
te
tha
t t
he
hig
h 5
345
val
ues
fou
nd
in
the
win
ter
mon
ths
may
be
due
to
the
eff
ect
s o
f s
ulp
hur
emi
ssi
ons
fro
m s
pac
e h
eat
ing
.
whi
le
the
low
er
634
5 v
alu
es
fou
nd
in
the
sum
mer
mon
ths
are
due
to
the
emi
ssi
on
of
sul
phu
r
fro
m b
act
eri
oge
nic
sou
rce
s.
if
thi
s
is
the
cas
e.
the
n
the
lac
k o
f
any
cle
ar
cut
sea
son
al
var
iat
ion
of
sul
phu
r
con
cen
tra
tio
n
in
pre
cip
ita
tio
n
imp
lie
s
tha
t
the
loa
ds
fro
m
the
se
sea
son
all
y
var
yin
g
sou
rce
s
are
com
par
abl
e
in
mag
nit
ude
eve
n
tho
ugh
the
y d
iff
er
in
iso
top
ic
com
pos
iti
on.
The
aut
hor
s
sug
ges
tth
at
the
ir
int
erp
ret
ati
on
of
the
dat
a n
eed
s t
o b
e
con
fir
med
by
a
stu
dy
of
the
tim
e
dep
end
ent
var
iat
ion
of
634
5
val
ues
of
atm
osp
her
ic
sul
phu
r
in
the
Lak
e
Eri
e
Bas
in
and
a d
eta
ile
d
inv
ent
ory
of
the
sou
rce
s
and
flu
xes
of
sul
phu
r
in
the
Bas
in.
‘
It
is
app
are
nt
fro
m t
he
dat
a
pre
sen
ted
in
the
se
two
pap
ers
tha
t
the
qu
an
ti
ta
ti
ve
es
ti
ma
ti
on
of
th
e
va
ri
ou
s
so
ur
ce
s
an
d
si
nk
s
of
su
lp
hu
r
in
th
e
Gre
at
Lak
es
Bas
in
is
a c
omp
lex
mat
ter
.
Mor
eov
er,
it
is
evi
den
t
tha
t t
he
ran
ge
of
634
5
val
ues
to
be
enc
oun
ter
ed
in
riv
ers
,
lak
es,
and
pre
cip
ita
tio
n
is
rat
her
lim
ite
d.
As
was
poi
nte
d
out
at
the
beg
inn
ing
of
thi
s
sec
tio
n.
the
una
mbi
guo
us
ide
nti
fic
ati
on
of
the
rel
ati
ve
con
tri
but
ion
s
of
var
iou
s
sul
phu
r
sou
rce
s,
dem
and
s
tha
t
the
re
be
a c
lea
r
cut
iso
top
ic
dis
tin
cti
on
bet
wen
the
m.
 
M
l
l
‘
l
l
l
l
l
l
l
I
.
I
.
l
I
.
l
 M
I
I
I
I
I
I
I
I
I
I
I
I
I
I
In
the
present
case,
the
isotopic
signatures
seem
likely
to
be
only
subtly
different
rather
than
drastically
so.
This
being
the
case,
it
can
be
seen
that
the
use
of
sulphur
isotope
ratios
as
indicators
of
the
sources
of
atmospheric
pollution
within
the
Great
Lakes
Basin
requires
a
rather
extensive
data
base.
This
data
base
would
have
to
provide
information
from
a
wide
network
of
sampling
stations,
on
SUCh
factors
as:
a)
atmospheric
sulphur
dioxide
and
its
isotopic
composition;
bi
atmospheric
and
particulate
sulphate
and
its
isotopic
composition;
c)
sulphur
concentration
and
isotopic
composition
in
rainwater;
d)
the
sulphur
content
and
isotopic
composition
of
river
water
and
of
industrial effluents.
All
the
above
will
have
regional
and
seasonal
fluctuations.
The
estimation
of
natural
and
anthropogenic
sulphur
fluxes
and
reservoirs
requires
for
its
quantification
in
the
Great
Lakes
Basin
a
rather
high
level
of
sampling and analysis activity.
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6. OXYGEN ISOTOPES AS INDICATORS OF THE MOO; OF FORMATION OF
ATMOSPHERIC SULPHATE
Oxygen isotope abundance variations are widely used in stable isotope
geochemistry as indicators of geological processes and sources of oxygen in a
variety of geochemical reservoirs. Oxygen isotope abundance variations are
expressec in the del notation where
5
1
8
0
,
o
/
°
°
=
(
1
8
0
/
1
5
0
)
s
a
m
p
l
e
 
- l x l000
(130/150)standard '
i.e. in the same manner as sulphur isotope abundance variations.
A group of workers from the Argonne National Laboratory in the United
Stat
es h
as r
ecen
tly
publ
ishe
d th
e re
sult
s of
a se
ries
of s
tudi
es w
hich
show
that
the
oxyg
en i
soto
pic
comp
osit
ion
of a
tmos
pher
ic s
ulph
ate
can
be a
usef
ul
tracer of its origin.
The
esse
nce
of t
he m
etho
d (H
olt
et a
l. 1
981.
1982
) is
that
anth
ropo
geni
c
sul
pha
te
in
the
atm
osp
her
e c
an
ari
se
in
two
way
s.
Pri
mar
y s
ulp
hat
e i
s f
orm
ed
by
hig
h t
emp
era
tur
e r
eac
tio
n o
f r
edu
ced
sul
phu
r w
ith
atm
osp
her
ic
oxy
gen
in
indu
stri
al
comb
usti
on p
roce
sses
.
This
form
atio
n mo
de g
ives
the
sulp
hate
a
dis
tin
cti
ve
iso
top
ic
sig
nat
ure
.
Sec
ond
ary
sul
pha
te,
on
the
oth
er
han
d.
is
for
med
by
the
low
tem
per
atu
re
oxi
dat
ion
of
atm
osp
her
ic
sul
phu
r d
iox
ide
, w
hic
h
may
its
elf
of
cou
rse
hav
e b
een
for
med
fro
m t
he
com
bus
tio
n o
f s
ulp
hid
es.
The
oxy
gen
iso
top
e c
omp
osi
tio
n o
f s
eco
nda
ry
sul
pha
te
is
dis
tin
ctl
y
dif
fer
ent
fro
m t
hat
of
pri
mar
y s
ulp
hat
e,
bec
aus
e t
he
iso
top
ic
equ
ili
bra
tio
n
bet
wee
n s
ulp
hur
dio
xid
eand
wat
er
in
the
atm
osp
her
e i
s v
ery
rap
id
(Ho
lt
et
al.
l98
3).
Thi
s l
ead
s t
o t
he
oxy
gen
iso
top
ic
com
pos
iti
on
of
sec
ond
ary
sul
pha
te
bei
ng
ess
ent
ial
ly
con
tro
lle
d b
y t
he
oxy
gen
iso
top
ic
com
pos
iti
on
of
atm
osp
her
ic
water.
Mix
tur
es
of
pri
mar
y a
nd
sec
ond
ary
sul
pha
te
lead
to
int
erm
edi
ate
618
0
val
ues
, w
hic
h m
ay
be
use
d t
o e
sti
mat
e t
he
rel
ati
ve
con
tri
but
ion
s o
f t
he
two
 
 sorts
of
sulphate.
The
Argonne
group
pointed
out
the importance
of
estimating
these
relative
pr0portions
in
order
to
identify
sources
of
sulphate
loading
and
to
formulate
effective
regulatory
strategies.
It
is
becoming
clear
that
wet
scrubbers
are
much
more
effective
at
removing
sulphur
dioxidethan
they
are
at
removing
primary
sulphate.
Thus
the
installation
of
scrubbers
at
sites
where
the
predominant
sulphur
source
is
in
the
form
of
primary
sulphate
would
not be an effective control measure.
The
studies
cited
above.
have
shown
that
in the
neighbourhood
of
Chicago,
primary
sulphates
constitute
from 10 to 40% of
the
total
ambient
sulphates.
The primary sulphate in aerosol
sulphates varied from about 10% in the sunmer
to 30 to 40%
in the winter.
0n the
other
hand.
the
primary
sulphate
fraction
in
precipitation
did
not
show a strong
seasonal
variation,
ranging
from
20 to
30% throughout the year.
Tie authors point out that in the Chicago region, most of the residential
and C(mmercial
heating is from natural gas, while electricity generation is
from [oal or nuclear fuels.
These sources of power produce relatively less
primary sulphate than oil combustion so that other areas, [articularly the
Northeast, may have considerably higher primary sulphate Tradings than those
found for the Chicago area.
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7. LEAD ISOTOPES AS INDICATORS OF SOURCES OF POLLUTION
As outlined in Section 2, the isotopic abundances of lead are variable in
nature due to the contributions of 206Pb, 207Pb and 208Pb from the
radioactive decay of uranium and thorium. Measurement of lead isotope ratios
thus provides information that may, under favourable circumstances, be used to
identify the source of lead by comparing measured isotope ratios with those
determined for lead ore bodies. Lead samples from different are bodies will
have characteristic isotopic compositions reflecting the different degrees for
which radiogenic lead. from the decay of uranium and thorium, is present.
Lead in petroleum and from smelter operations can both give rise to
atmospheric loading. Rainfall plus the washout of particulate matter can
cause the transfer of this lead to soil. lakes, and ocean water. Isotopic
studies of lead have dealt with atmospheric lead, lead in water and lead
deposited in sediments.
Gulson et al. (1983), have reported the isotopic composition of lead in
particulate matter collected on aerosol filters from the Sydney area in
208 206 207 206
Australia. The observed isotope ratios — Pb/ Pb, Pb/ Pb and
206Pb/204Pb — varied by up to 25% during the three year study period and
the variations were related to variable mixing of lead derived from at least
three sources. The particular conclusion of the study was that much of the
lead in Sydney air is derived from motor vehicle emissions.
A study by Stukas and Wong (1981) has yielded information on the natural
and industrial sources of lead in the coastal waters of British Columbia. The
values of 206Pb/szb reported are distinctly different for oceanic water,
water ii fjords that receive lead from mine tailings, and for waters near
urban centers. The authors conclude that the natural abundances of stable
lead iSOtOpes is a powerfil tool in identifying lead sources and in tracing
lead pathways in coastal waters. The information derived from the isotope
ratios concerning the sources of the lead cannot be obtained by simply
determing the concentrations of lead.
28
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1
1
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1
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 In
the
coastal
waters
studied
by
Stukas
and
Wong,
some
of
the
lead
from
mine
tailings
made
its
way
to
the
ocean
by
freshwater
runoff,
while
gasoline
lead
was
presumably
present
initially
in
the
atmosphere
and
made
its
way
to
the
ocean
by
prec
pitation
and/or
runoff.
A
study
by
Hirao
and
Habuchi
(1982)
has
used
the
isotope
ratios
of
lead
in
the
sed
ments
of
the
Tokyo
Bay
in
Japan
to
construct
a
historical
record
of
the
sources
of
pollutant
lead
in
this
area.
These
three
studies,
as
well
as
others
cited
in
the
bibliography,
indicate
that
the
measurement
of
lead
concentrations
alone
can
show
differences
in
the
levels
of
lead
loading
in
various
reservoirs
but
that
this
information
is
insufficient
to
pinpoint
the
actual
sources
of
the
lead.
The
stable
isOtope
abundance
patterns
of
lead,
on
the
other
hand,
can
be
used
under
favourable
circumstances
to
identify
sources
of
the
lead
and
the
mixing
proportions
of
different
sources
experienced
by
different
sinks.
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8.
CONC
UDING
REMARKS
In
an
ideal
case,
stable
isotopes
can
be
used
as
tracers
when
it
is
known
that
there
are
two
sources
of
the
element
in
question
both
of
which
have
distinct
isotopic
signatures.
The
contribution
of
these
two
sources
at
any
given
locale
can
then
be
estimated
from
the
measured
intermediate
isotopic
composition
resulting
from
the
mixing
of
the
sources.
While
there
are
well
known
point
sources
of
anthropoyenic
atmospheric
sulphur
that
impinge
upon
the
Great
Lakes
Basin
(Sudbury
and
Hawa,
for
example).
there
is
also
a
contribution
to
atmospheric
sulphur
that
repreSents
a
smeared
out
average
of
the
itdividual
contributions
of
many
sources.
luis
is
denonstrated
clearly
by
the
precipitation
studies
discussed
in
Sectior
5
previously.
Nriagu
and
Coker
(oncluded
that
they
were
able
to
distinguish
between
biological
and
anthroplgenic
contributions
to
the
sulphur
in
precipitation
within
the
Great
Lakes
Basin.
The
anthropogen
c
component
though.
could
not
be
said
to
slow
local
variations
in
isotopic
composition
reflecting
inputs
from
local
scurces.
Similarly,
in
an
ideal
case,
estimates
made
on
the
basis
of
differences
in
isoto:ic
composition
of
the
relative
contributions
from
different
sources,
require
that
these
sources
have
isotopic
signatures
that
are
clearly
V
distinct.
The
lake
water
study
discussed
in
Section
6
previously,
shoved
that
the
various
inputs
and
outflows
involved
in
the
water
balance
of
Lake
Erie
all
have
sulphur
isotopic
compositions
that
are
rather
similar.
There
is
no
doubt
that
anthropogenic
sulphur
is
a
major
component
of
sulphur
in
lake
water
and
precipitation
within
the
Great
Lakes
Basin.
In
practiczl
terms,
the
reduction
of
sulphur
loading
requires
ways
of
identify
ng
the
sou
ces
of
the
sulphur
presentat
particular
locations.
The
use
of
staule
isotope;
as
tracers
of
such
sources
clearly
has
potential,
but
it
is
also
clear
iiat
the
simultaneous
use
of
isotope
studies
of
more
than
one
element
has gr ater promise.
3l
  
 Thus, the measurement of 5345 values of sulphur in precipitation in
the Great Lakes Basin has already been shown to be an indicator of the
relative amounts of bacteriogenic and anthropogenic sulphur. Simultaneous
measurement of oxygen isotopes in sulphate found in precipitation should
permit a further diszinction to be made between primary and secondary sulphate.
Further. the measurement of lead isotope ratios in water samples should
give information on the sources of the lead, which will then in turn add
information to the knowledge gained from other stable isotope measurements.
The identification of the sources of atmospheric pollution is a complex
problem. The use of stable isotopes as tracers of sources of pollution offers
information that is not obtainable from concentration measurements alone.
Furthermore, the information obtainable from the simultaneous neasurement of
isot
ope
rati
os i
n tw
o or
more
elem
ents
incr
ease
s pr
opor
tion
atel
y in
form
atio
r
on pollution sources.
The studies of sulphur isotopes in the waters of Lake Erie and in
prec
ipit
atio
n in
the
Grea
t La
kes
Basi
n ha
ve y
ield
ed u
sefu
l i
nfor
mati
on.
In
ord
er
to
max
imi
ze
the
inf
orm
ati
on
obt
ain
abl
e f
rom
sta
ble
iso
top
e m
eas
ure
men
ts,
it
wil
l b
e n
ece
ssa
ry
to
ext
end
the
sco
pe
of
suc
h m
eas
ure
men
ts.
Sea
son
al
and
spo
rad
ic
var
iat
ion
s i
n s
ulp
hur
con
cen
tra
tio
n a
nd
sul
phu
r
iso
top
ic
com
pos
iti
on
at
a n
umb
er
of
sta
tio
ns
sho
uld
be
mad
e o
n:
sulphur compounds in air samples;
sulphur compounds in aerosols;
sulphur compounds in particulate matter;
sulphur compounds in precipitation;
sulphur compounds in streams, rivers and lakes.
The
se
mea
sur
eme
nts
sho
uld
be
sup
ple
men
ted
, b
y m
eas
ure
men
ts
of
oxy
gen
iso
top
ic
com
pos
iti
ons
.
Sam
pli
ng
sta
tio
ns
sho
uld
be
cho
sen
to
rep
res
ent
urb
an.
rura
l a
nd
rem
ote
are
as,
as
wel
l a
s a
num
ber
loc
ate
d i
n a
rea
s w
her
e l
oca
liz
ed
All of these measurements can be supplemented by
sources are known to exist.
lead isctope meaurements.
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 Further information can be obtained from studies of sediments, both in the
Great Lakes and in the smaller lakes within the Basin. Nriagu (personal
communication) and Thode (personal communication), are both carrying out
studies, on a relatively small scale as yet, in which sulphur isotope
variations in sediments are being used to estimate historical patterns of
sulphur loading. '
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